Jorge Lobo's disease (JLD) is a chronic infection that affects the skin and subcutaneous tissues. Its etiologic agent is the fungus Lacazia loboi. Lesions are classified as localized, multifocal, or disseminated, depending on their location. Early diagnosis and the surgical removal of lesions are the best therapeutic options currently available for JLD. The few studies that evaluate the immunological response of JLD patients show a predominance of Th2 response, as well as a high frequency of TGF-β and IL-10 positive cells in the lesions; however, the overall immunological status of the lesions in terms of their T cell phenotype has yet to be determined. Therefore, the objective of this study was to evaluate the pattern of Th1, Th2, Th17 and regulatory T cell (Treg) markers mRNA in JLD patients by means of real-time PCR. Biopsies of JLD lesions (N = 102) were classified according to their clinical and histopathological features and then analyzed using real-time PCR in order to determine the expression levels of TGF-β1, FoxP3, CTLA4, IKZF2, IL-10, T-bet, IFN-γ, GATA3, IL-4, IL-5, IL-13, IL-33, RORC, IL-17A, IL-17F, and IL-22 and to compare these levels to those of healthy control skin (N = 12). The results showed an increased expression of FoxP3, CTLA4, TGF-β1, IL-10, T-bet, IL-17F, and IL-17A in lesions, while GATA3 and IL-4 levels were found to be lower in diseased skin than in the control group. When the clinical forms were compared, TGF-β1 was found to be highly expressed in patients with a single localized lesion while IL-5 and IL-17A levels were higher in patients with multiple/disseminated lesions. These results demonstrate the occurrence of mixed T helper responses and suggest the dominance of regulatory T cell activity, which could inhibit Th-dependent protective PLOS ONE |
Introduction
Jorge Lobo's disease (JLD) is a chronic infection that affects mainly the skin and subcutaneous tissues. Its etiologic agent is the fungus Lacazia loboi. Evidence suggests that contamination by the fungus L. loboi often occurs as a result of skin trauma [1, 2] ; it most frequently affects the outer ear, the face, and the upper and lower limbs of rural workers [3, 4] . JLD is endemic to the Amazon rainforest region [1, 5, 6] ; out of the 322 cases reported in Brazil thus far, 249 cases have been from the state of Acre, which is located in the Amazon region [1, 2] . Though it is endemic to this area [1, 5, 6] , JLD has also been diagnosed in Central America, North America, Europe and South Africa [1, 7, 8, 9] , with approximately 550 cases reported worldwide [10] .
Currently, JLD diagnosis is based on a clinical evaluation of the patient. This evaluation consists of a macroscopic examination of lesions, which may be keloid-like, verruciform and/ or gummy; there may also be ulcerative lesions [10, 11] . The fungus can also be detected in skin lesions via histopathological and mycological examinations [1] . The clinical forms of the disease are classified based on its distribution; the disease can be classified as localized (confined to a single area), multifocal (on a limb or limb segment), or disseminated (involving several anatomical regions) [12, 13] . Histopathological analyses provide evidence of a granulomatous process, with intense diffuse histiocytic reaction, with large numbers of multinucleated giant cells, foreign body and/or Langhans cells [14] , and with a cell infiltrate composed of few CD4 and CD8 T lymphocytes, NK cells, plasma cells and B lymphocytes [14] . In addition, numerous fungi have been observed in foreign-body giant cells and in the formation of syncytia [10] .
Early diagnosis of JLD plays a key role in the treatment outcome, since there is currently no fully effective treatment available [5, 10] , particularly in cases of disseminated disease. The surgical excision of lesions is currently the best treatment option available, particularly for isolated lesions. Despite the common occurrence of relapses, [7, 15, 16, 17] , the removal of lesions provides a significant increase in patients' quality of life [10] .
It is well known that immune response plays an essential role in the outcome of fungal diseases [18, 19] . The effectiveness of the antifungal response depends on the T cell subpopulations involved in the host's response to fungi [18, 19] . Th1 and Th17 responses are associated with effective protection against infection, during which the local production of IFN-γ (Th1 profile) and IL-17 (Th17 profile) stimulates antifungal effector functions of phagocytes, as well as the generation of optimal T-cell-dependent immunity [18, 20] . Meanwhile, Th2 responses mediated by cytokines such as IL-4 and IL-13, as well as Treg cytokines such as IL-10 and TGF-β, can both result in the suppression of protective Th1 and Th17 responses. This suppression enables alternative macrophage activation and, as a consequence, makes fungal persistence more likely [18, 19, 20] .
While the role of T helper subsets in antifungal responses is relatively well defined overall, there are still very few studies addressing the immunological aspects of JLD [12, 21] . One study has suggested that the predominance of the Th2 profile facilitates the development of JLD based on the fact that patients' peripheral blood mononuclear cells express high IL-4 levels when stimulated by L. loboi [22] . Additionally, an immunohistochemical analysis of the inflammatory infiltrate has revealed a high frequency of TGF-β1 and IL-10-positive cells in JLD patients' lesions, as well as a slightly positive staining for TNF-α and iNOS [23, 24] . While these findings were originally interpreted as additional evidence of a Th2 response in JLD lesions [23, 24] , the current knowledge allows us to hypothesize that the presence of Tregs may account for local TGF-β1 and IL-10 production and also points to the involvement of these T cell subsets in treatment outcomes for the lesions.
Given the scarcity of studies on the immunoregulatory mechanisms underlying JLD pathogenesis, the present study evaluated the cytokine expression profiles associated with Th1, Th2, Th17, and Treg cells in skin lesions and correlated them with the clinical forms of the disease (a single localized lesion and multiple lesions).
Materials and Methods

Sample Selection
The samples evaluated in this study were collected from patients treated in the Department of Specialized Dermatology at Acre Clinical Hospital in the city of Rio Branco, São Paulo State, Brazil, between 2008 and 2013. Samples were collected by a clinical team that also includes members of the Department of Pathology of the Lauro de Souza Lima Institute. The categorization of the JLD diagnosis as localized, multifocal, or disseminated was based on the clinical and histopathological features of the lesions. The inclusion criteria used were the presence of viable fungi in the histopathological exam and no recent history of specific antifungal treatment ("recent" was defined as "within the last year"). Lesion biopsies were taken at the moment of the diagnosis and stored in RNAlater solution for further analysis; they were added to a bank of biological samples kept at the Department of Pathology of the Lauro de Souza Lima Institute. Based on the similarity in number and aspect of multifocal lesions and disseminated lesions, the gene expression analysis used in this study combined multifocal and disseminated forms into a group hereby referred to as "patients with multiple lesions" (or "the multiple lesion group"), while the patients with the localized form of the disease were hereby referred to as "patients with a single lesion" (or "the single lesion group"). In addition, 12 biopsies from healthy individuals undergoing cosmetic skin surgery were used as the control group for this study. Table 1 shows data on gender, age, and the duration of the lesion (JLD patients only). None of the JLD patients were under receiving immunosuppressive treatment at the time of their biopsy. Some patients (n = 62), however, were treated with itraconazole more than one year before the biopsies for this study were collected. The biopsies from patients with multiple lesions were collected from the most recent lesion, as indicated by the patient. Additionally, none of the patients had other kinds of skin lesions. 
Fungal Cell Counts
The histopathological slides used to select the samples were also used to estimate the number of fungal cells in the lesions. Two independent examiners (CTS and AFFB) observed the slides stained by hematoxylin and eosin. Five microscopic fields (100X amplification) were chosen randomly from the infiltrate area and examined. Viable fungal cells were those with intact cell walls and homogeneous internal cytoplasm content.
RNA Extraction, Quality/Integrity Analysis, and cDNA Synthesis
The biopsies that had been stored in RNAlater were each cut into small fragments with a scalpel and transferred into tubes containing ceramic beads (CK28-Bertin Technologies). Then, 700μl of QIAzol reagent (Qiagen) was added in order to homogenize and lyse the samples in the Precellys24 system (Bertin Technologies). The system was run at one pulse (6500rpm) for 10 seconds, followed by 5 minutes of incubation at 4°C. The cycle was repeated 3 times. Total RNA was extracted using the QIAGEN miRNeasy Mini Kit and the QIAcube robotic workstation according to the manufacturer's instructions and was recovered in 30μl of ultrapure water. The quantification and purity (ratio 260/280) of the samples were evaluated in a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and sample ratios equal to or close to 2 were considered appropriate. Sample integrity was evaluated using the 2100 Bioanalyzer system (GE Healthcare Bio-Sciences) and the Agilent RNA 6000 Nano kit. Appropriate RNA samples were defined as those with Integrity Number (RIN) greater than or equal to 5.
Complementary DNA (cDNA) was synthesized by a reverse transcription reaction using the QuantiTect Reverse Transcription kit (QIAGEN) with 1μg RNA according to the manufacturer's instructions.
Real-time PCR Reactions
For each of the selected targets, standard curves of the genes were prepared in triplicate using a pool of 8 samples (2 samples of each form, including healthy controls) and were diluted from 1:2 to 1:10 with 5 or 6 points beginning at concentrations of 50ng or 100ng. The genes were Treg [TGF-β1 (Hs00998133_m1), FoxP3 (Hs01085834_m1), CTLA4 (Hs03044418_m1), IL-10 (Hs00961622_m1) and IKZF2 (Hs00212361_m1)], Th1 [T-bet (TBX21-Hs00203436_m1) and IFN-γ (Hs00989291_m1)], Th2 [GATA3 (Hs00231122_m1), IL-5 (Hs01548712_g1), IL-4 (Hs00174122_m1), IL-13 (Hs00174379_m1) and IL-33 (Hs00369211_m1)], and Th17 [RORC -transcription human RORγt (Hs01076122_m1), IL-17A (Hs00174383_m1), IL-17F (Hs00369400_m1) and IL22 (Hs01574154_m1)]. In order to choose the best dilution level for the samples, the following parameters were considered: C T variation of less than 0.5 among the triplicates, R 2 greater than 0.9, efficiency between 95% and 105%, and slope close or equal to 3.3, as suggested in the MIQE Guidelines [25] . All of the cDNA samples were used in the real-time PCR reactions in order to detect mRNA for GAPDH (Hs03929097_g1), a constitutive expression gene (endogenous control) used both to check cDNA quality and for standardization (ΔC T ). Assays were performed in duplicate in the ViiA™ 7 Real-Time PCR System (Applied Biosystems) using the TaqMan™ Gene Expression Master Mix and the TaqMan™ Gene Expression Assays as reagents, as determined by the manufacturer (Life Technologies). The reaction mix consisted of 5μL of Taqman™ Gene Expression Master Mix (10x), 0.5μL of Taqman™ Gene Expression Assay (20x), 3.5μL of ultrapure H 2 O (DNase and RNase free), and 1μl of the cDNA sample. The reactions were carried out as follows: 2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C (annealing temperature). Reactions were performed in duplicate in specific real-time PCR 96-well plates.
Once GAPDH positivity was confirmed, the expression of mRNA-encoding cytokines and the transcription factors characteristic of the Treg profiles (TGF-β1, FoxP3, CTLA4, IKZF2 and IL-10), Th1 (T-bet and IFN-γ), Th2 (GATA3, IL-5, IL-4, IL-13 and IL-33) and Th17 (RORC, IL-17A, IL-17F and IL-22) were also analyzed by real-time PCR reactions using the TaqMan™ Gene Expression Assays, which had been previously standardized by the manufacturer (Life Technologies) and which contained primers and probes specific to each target. Results are expressed as ΔC T , in which low ΔC T reflects high expression of the target and high ΔC T reflects low expression of the target.
Data Analysis
Statistical analysis of the ΔC T values (C T GAPDH value-C T target value) were carried out using the Mann-Whitney U test within the GraphPad Prism 5.0 software (GraphPad). Additionally, the linear regression test was used to correlate ΔC T values with the total number of fungal cells, the number of viable fungal cells, and the duration of the lesions.
Results
Samples
A total of 114 samples were used in the gene expression analysis. Of these 114 samples, 54 corresponded to the localized form, 20 corresponded to the multifocal form, and 28 corresponded to the disseminated form. Twelve healthy controls were also used to evaluate gene expression. Therefore, there were a total of 48 patients with multiple lesions 54 patients with a single lesion.
Gene Expression
The analysis also considered the expression of T-bet and IFN-γ, both of which are Th1 profile targets. T-bet transcription factor (Fig 1A) expression was significantly higher in the patients than in the controls (p<0.0001). However, the analysis of IFN-γ mRNA levels ( Fig 1C) revealed no significant difference between the two groups. Additionally, no significant difference between the single or multiple forms was observed for either of the targets (Fig 1B and 1D) .
The selected targets of the Th17 profile were RORC, IL-17A, IL-17F, and IL-22. The expression of IL-17A and IL-17F cytokines was found to be significantly higher (p = 0.0025, p = 0.0168, respectively) in patients when compared the controls (Fig 2C and 2E) , and the expression of IL-17A (Fig 2D) was significantly higher in patients with multiple lesions than it was in patients with a single lesion (p<0.0001). However, the expression of IL-17F did differ significantly between the single and multiple forms (Fig 2F) . When the expression of RORC and IL-22 cytokines was analyzed, no significant difference was found between the patients and the controls, nor between the single lesion group and the multiple lesion group (Fig 2A,  2B, 2G and 2H) .
When the Th2 profile targets were analyzed, the GATA3 transcription factor (p = 0.0089) and the cytokine IL-4 (p = 0.0399) presented significantly lower expression in the patients than in the controls (Fig 3A and 3C) , whereas IL-5, IL-13, and IL-33 levels did not differ significantly between the patients and the controls (Fig 3E, 3G and 3I) . Similarly, no significant differences in IL-13 levels or IL-33 levels (Fig 3H and 3J) were observed between the single lesion group and the multiple lesion group. However, expression of IL-5 ( Fig 3F) was found to be significantly higher in the multiple lesion group than in the single lesion group (p = 0.0144).
The expression of specific Treg profile targets were also considered. TGF-β1 (p<0.0001), IL-10 (p<0.0001), CTLA4 (p = 0.0018), and FoxP3 (p = 0.0025) expression levels were found to be significantly higher in lesions from patients than in healthy skin controls (Fig 4A, 4C, 4E  and 4G) . Conversely, the analysis of IKZF2 mRNA levels showed no significant difference between the patients with lesions and the controls (Fig 4I) . In addition, when the expression of Treg markers were compared between patients with multiple lesions and patients with a single lesion, TGF-β1 (Fig 4H) expression levels were found to be significantly higher in patients from the single lesion group (p = 0.0059). The other targets were evaluated (IKZF2, IL-10, FoxP3 and CTLA4), but there was no significant difference when the single lesion group was compared to the multiple lesion group (Fig 4B, 4D, 4F and 4J) . 
Correlation Analysis
Discussion
While few previous studies report a dominance of immunosuppressive cytokines in the host response triggered by L. loboi infection [14] , the exact nature of the host response in the immunopathogenesis of JLD remains to be established, particularly in terms of the T helper subsets.
Though the specific mechanisms involved in eliminating L. loboi have not been determined, the body's protective response to fungi is generally known to involve Th1 and/or Th17 responses, which mediate the chemoattraction of phagocytes and their subsequent activation, thus enabling fungal elimination [18, 26] .
While our results demonstrate an increase in the levels of T-bet, a transcription factor responsible for Th1 cell polarization, the levels of the prototypical Th1 cytokine IFN-γ did not increase in the JLD lesions. Considering the fact that L. loboi is an intracellular organism [9, 27, 28] , IFN-γ may play a critical role in the elimination of L. loboi through the activation of macrophages, as described in studies on other intracellular pathogens [18, 29] . Therefore, it is possible to hypothesize that the absence of high levels of IFN-γ may contribute to the persistence of L. loboi that is characteristically observed in JLD patients' lesions.
Th17 cell contribution to antifungal response is still debated. Some studies show that Th17 cells play a protective role in the control of fungal infections [26, 30, 31] , while other studies associate the Th17 response to the organism's survival and multiplication [32, 33, 34] . Our results show that both IL-17A expression and IL-17F expression are higher in the lesions than in the controls, suggesting that the development of the Th17 response may not provide effective protection against L. loboi infection. Therefore, while IL-17 may contribute to the recruitment of monocytes to the lesion site, which in theory could provide some antifungal protection [35] , the absence of a robust local Th1 response (represented by the modest IFN-γ levels) may result in fungal persistence. However, it is also possible to argue that, despite the statistically significant increase in IL-17A and IL-17F, from a biological standpoint such a limited increase it may not be representative of a robust Th17 response. In theory, this limitation could enable the elimination of the fungus from the lesion sites. In accordance with this hypothesis, Th17 responses are typically associated with significant neutrophil recruitment [36, 37] , but neutrophils are not frequently found in JLD lesions. In addition, other Th17-related cytokines, such as IL-22 [38] , were not upregulated in the lesions, a finding which supports the idea that robust Th17 responses do not take place in JLD lesions.
Interestingly, previous studies have found that enhanced migration and the actions of Tregs at sites of infection usually benefit the pathogen by disabling both Th1 and Th17 responses [39] . We found Treg markers (FoxP3, CTLA-4, IL-10 and TGF-β1) to also be expressed in normal control skin, a finding which is consistent with previous reports [40, 41] . Indeed, normal skin is described as an important site of Treg induction and residence. In fact, the presence of Tregs as 5% to 10% of the resident T cells in normal human skin contributes to the maintenance of the homeostasis of this environment [40] . When the expression of Treg markers in lesions and in controls was compared, the data demonstrated that FoxP3, CTLA-4, IL-10, and TGF-β1 levels were higher in the patients' lesions than in the control group. A similar pattern has been described in a study on cutaneous lesions from patients with paracoccidioidomycosis [42] . In paracoccidioidomycosis, Tregs act as active immunosuppressive cells [39, 43] , presenting a dominant role over other Th subsets. This results in impaired infection control [39, 43, 44, 45] . A similar situation has been described in studies on other fungal infections, in which the Tregs' suppression of the host response is a key element in fungal persistence [39, 43, 44, 45] . As previously mentioned, Treg markers (i.e. FoxP3, CTLA-4, IL-10 and TGF-β) were found to be upregulated in the JLD lesions to a higher extent than the slight increase seen in IL-17 levels. This result contributes to the hypothesis that Tregs could play a dominant role in the lesion environment. This hypothesis is based only on associative data, however, and further functional analysis would be required to support it.
Previous studies that have focused on the immunopathogenesis of fungal infections provide some parallel support. For example, Treg products widely expressed in JLD lesions, such as TGF-β1 and IL-10, are able to inhibit IFN-γ synthesis [46] , which could account for the poor IFN-γ expression in the lesions. Indeed, impaired Th1 response due the presence and activation of Tregs was found to directly interfere in the outcome fungal infections [39, 47] . Also, Tregs and their products can limit the polarization and effector function of Th17 cells and the development of robust Th17 responses [48] . These factors could account for the limited expression of Th17-markers in the lesions. While macrophages and fibroblasts may be responsible for IL-17 expression in the lesions [49, 50, 51] , the putative inhibitory effect that Tregs have on Th17 cells may be critical in preventing the development of comprehensive Th17 responses in the lesions. A recent study demonstrated that IL-17+ cells outnumbered FOXP3+ cells in JLD lesions [52] . This report is consistent with the findings regarding IL-17 and FOXP3 expression in the present study. However, the previous authors concluded that high levels of Th17 cytokines could overcome the effects of Treg cells [52] . This assertion does not consider the fact that Tregs make up a very small fraction of lymphocyte subsets both, in the circulating lymphocytes pool and in inflammatory infiltrates in peripheral tissues; it is not surprising that effector cells, such as IL-17+ cells, may outnumber FOXP3+ cells [53, 54] . Indeed, Tregs are thought to present a dominant role in inflammatory infiltrates even as an outnumbered population relative to the number of effector cells [53, 54] . Therefore, the simple analysis of IL-17+/FOXP3 + proportions in the lesions without comparisons to control samples and/or to other lesion forms or stages is not necessarily informative of the true T cell balance.
It is important to keep in mind that the interaction between Treg cells and Th17 cells in fungal diseases is still disputed [55] . In the case of candidiasis, for example, Treg cells can both inhibit [56] or promote [30, 57] Th17 response.
While Th1 and Th17 responses may contribute to the control of fungal infections, Th2 responses have been described as playing an opposing role. Interestingly, before the identification of Tregs and Th17, Th2 cells were originally described as suppressors of Th1 antifungal activity in the original Th1-Th2 archetype [26, 58] . In the traditional immune response to fungi, Th2 responses were thought to be harmful to the host, as they have been associated with increased fungal burden [26, 59, 60] . Th2 cytokines such as IL-4 and IL-13 inhibit Th1 response and induce alternative macrophage activation, thus resulting in an anti-inflammatory process [61] that would favor the multiplication of L. loboi. Interestingly, while no differences in the levels of Th2 factors IL-5, IL-13, or IL-33 were observed between the JLD patients and the control group, the levels of IL-4 and GATA3 transcription factor were lower among patients. This information is in line with the hypothesis of a dominance of Tregs in the JLD lesions; this cell type suppresses not only the function of Th1 and Th17 cells, as previously discussed, but also the function of the Th2 subset [39, 62] , which could account for the limited local expression of Th2 markers. Accordingly, in experimental models of fungal infection, Tregs were previously described to simultaneously inhibit all of the Th subsets, resulting in impaired antifungal mechanisms and more severe tissue damage [39] . Indeed, the effectiveness of the antifungal responses clearly involved multiple Th subsets types, and the combined actions of the Th1 and Th17 subsets seem to be important in the protection against fungal diseases [18, 63] .
This study compared the expression of targets in a control group to targets in patients and also evaluated the possible variation in the expression profiles of Th markers by comparing single and multiple forms of JLD. Patients with multiple and disseminated forms of JLD exhibit clinical similarities, and multiple forms often progress to disseminated disease. Therefore, for the purpose of immune response analysis, these two forms were grouped together and compared to the single form of the disease, as this form usually does not progress to other forms. In this analysis, TGF-β1 presented a higher expression in patients with a single lesion while IL-17A and IL-5 levels were significantly higher in patients with multiple lesions.
Higher TGF-β1 expression in the single lesion group was unexpected; because this cytokine is associated with immunosuppression, higher levels were expected to be detected in the multiple lesion group. Nevertheless, in this case, TGF-β1 could be associated with the fibrotic status of the lesions [64, 65] , and this process should be more evident in the single form of JLD, favoring the containment of the granulomas. Additional studies evaluating collagen fibers are needed to clarify this hypothesis.
Meanwhile, IL-5 cytokine expression did not differ between controls and patients; however, this expression was higher in the multiple lesion group, a result which indicates that this cytokine may influence the dissemination of the disease. The role of the IL-5 cytokine, which is associated with eosinophil recruitment and survival, has also been associated with susceptibility to lung infection with C. neoformans [66] . Furthermore, it has been recently shown that eosinophils produce IL-4 and therefore contribute to the development of the Th2 response, which is not considered protective in cases of fungal infections [67] . Nevertheless, eosinophils are scarce in JLD lesions and are unlikely to play a prominent role.
As mentioned previously, the higher IL-17A expression in the multiple lesion groups suggests that, despite a statistically significant variation in IL-17 levels, there is no robust local Th17 response. This finding reinforces the hypothesis that the Th17 response does not provide effective protection against L. loboi infection, a result which is likely due to the intracellular characteristics of this fungus.
The correlation between viable fungal burden and target expression was negative for at least one marker for each immune response profile; therefore, the results did not allow for the definition of a standard response that could be responsible for disease outcome. Additionally, there were no correlations found between target expression and the total number of fungi or between target expression and the duration of the lesion. This process may occur because, though lesions often last for long periods of time, their progression is slow and continuous. In the present study, all of the targets that were expressed were found in newly developed lesions from chronically diseases patients.
In conclusion, our results suggest that the local overexpression of IL-10, TGF-β1, and CTLA-4 in JLD lesions may be indicative of a dominance of Tregs in the lesions. This hypothesis is reinforced by the limited expression of Th effector cell markers in the lesions.
Assuming that protective immunity against intracellular fungi such as L. loboi depends on adequate Th1 and Th17 responses, the putative dominance of Treg activity may play a significant role in both fungal survival and the formation of lesions. However, functional studies are certainly required to confirm the possibility of Treg-mediated immunoregulation in the lesions. The understanding of the immunoregulation involved in JLD can contribute to new diagnostic and therapeutic approaches that will ultimately lead to better disease management.
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